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Abstract
We present a graphical criterion for reading
dependencies from the minimal directed in-
dependence map G of a graphoid p when G
is a polytree and p satisfies composition and
weak transitivity. We prove that the crite-
rion is sound and complete. We argue that
assuming composition and weak transitivity
is not too restrictive.
1 INTRODUCTION
A minimal directed independence map G of an inde-
pendence model p is used to read independencies that
hold in p. Sometimes, however, G can also be used to
read dependencies holding in p. For instance, if p is a
graphoid that is faithful to G then, by definition, lack
of vertex separation is a sound and complete graphi-
cal criterion for reading dependencies from G. If p is
simply a graphoid, then there also exists a sound and
complete graphical criterion for reading dependencies
from G [Bouckaert, 1995]. However, this criterion can-
not be applied to check whether two set of nodes X
and Y are dependant given a third set Z unless X and
Y are adjacent in G, i.e. unless there is an edge in
G from some A ∈ X to some B ∈ Y. In this paper,
we try to overcome this shortcoming so that X and
Y are not required to be adjacent in G. We do so by
constraining G and p. Specifically, we present a sound
and complete graphical criterion for reading dependen-
cies from G under the assumptions that G is a polytree
and p is a graphoid that satisfies composition and weak
transitivity. We argue that assuming composition and
weak transitivity is not too restrictive. Specifically,
we show that there exist important families of proba-
bility distributions, among them Gaussian probability
distributions, that satisfy these two properties.
The rest of the paper is organized as follows. We start
by reviewing some concepts in Section 2. We show in
Section 3 that assuming composition and weak transi-
tivity is not too restrictive. We present our graphical
criterion in Section 4 and prove that it is sound and
complete. Finally, we close with some discussion in
Section 5.
2 PRELIMINARIES
The definitions and results in this section are taken
from [Lauritzen, 1996, Pearl, 1988, Studeny´, 2005].
We use the juxtaposition XY to denote X ∪ Y, and
X to denote the singleton {X}. Let U denote a set
of random variables. Unless otherwise stated, all the
independence models and graphs in this paper are de-
fined over U.
Let X, Y, Z and W denote four mutually disjoint
subsets of U. An independence model p is a set of
independencies of the form X is independent of Y
given Z. We represent that an independence is in
p by X ⊥ Y|Z and that an independence is not in
p by X 6⊥ Y|Z. In the latter case, we may equi-
valently say that the dependence X 6⊥ Y|Z is in p.
An independence model is a graphoid when it satisfies
the following five properties: Symmetry X⊥ Y|Z ⇒
Y ⊥ X|Z, decomposition X ⊥ YW|Z ⇒ X ⊥ Y|Z,
weak union X ⊥ YW|Z ⇒ X ⊥ Y|ZW, contraction
X⊥Y|ZW ∧X⊥W|Z ⇒ X⊥YW|Z, and intersec-
tion X⊥ Y|ZW ∧X⊥W|ZY ⇒ X⊥ YW|Z. Any
strictly positive probability distribution is a graphoid.
Let sep(X,Y|Z) denote that X is separated from Y
given Z in a graph G. Specifically, sep(X,Y|Z) holds
when every path in G between X and Y is blocked
by Z. If G is an undirected graph (UG), then a path
in G between X and Y is blocked by Z when there
exists some Z ∈ Z in the path. We say that a node is
a head-to-head node in a path if it has two parents in
the path. If G is a directed and acyclic graph (DAG),
then a path in G between X and Y is blocked by Z
when there exists a node Z in the path such that ei-
ther (i) Z is not a head-to-head node in the path and
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Z ∈ Z, or (ii) Z is a head-to-head node in the path
and neither Z nor any of its descendants in G is in Z.
An independence model p is faithful to an UG or DAG
G when X⊥Y|Z iff sep(X,Y|Z). Any independence
model that is faithful to some UG or DAG is a gra-
phoid. An UG (resp. DAG) G is an undirected (resp.
directed) independence map of an independence model
p when X⊥Y|Z if sep(X,Y|Z). Moreover, G is a mi-
nimal undirected (resp. directed) independence map
of p when removing any edge from G makes it cease to
be an independence map of p. We abbreviate minimal
undirected (resp. directed) independence map as MUI
(resp. MDI) map. If G is a MUI map of p, then two
nodes X and Y are adjacent in G iff X 6⊥ Y |U\ (XY ).
On the other hand, if G is a MDI map of p, then the
parents of a nodeX in G, Pa(X), are the smallest sub-
set of the nodes preceding X in a given total ordering
of U, Pre(X), such that X⊥ Pre(X)\Pa(X)|Pa(X).
We denote the children of a node X by Ch(X).
Let Cl denote the set of cliques of an UG G. A
Markov network (MN) is a pair (G, θ) where G is an
UG and θ are parameters specifying a non-negative
function for the random variables in each C ∈ Cl,
φ(C). The MN represents the probability distribution
p = K
∏
C∈Cl φ(C) whereK is a normalizing constant.
If a probability distribution p can be represented by a
MN with UG G, then G is an undirected independence
map of p. When p is strictly positive, the opposite also
holds.
A Bayesian network (BN) is a pair (G, θ) where G
is a DAG and θ are parameters specifying a multi-
nomial probability distribution for each X ∈ U gi-
ven its parents in G, p(X|Pa(X)). The BN repre-
sents the multinomial probability distribution p =∏
X∈U p(X|Pa(X)). A probability distribution p can
be represented by a BN with DAG G iff G is an direc-
ted independence map of p.
Given an UG (resp. DAG) G, we denote by M(G)
all the multinomial probability distributions that can
be represented by a MN (resp. BN) with UG (resp.
DAG) G. Finally, recall that a polytree is a directed
graph without undirected cycles. In other words, there
exists at most one undirected path between any two
nodes X and Y . We denote that path by X : Y if it
exists. Recall also that a directed tree is a polytree
where every node has at most one parent.
3 CWT GRAPHOIDS
Let X, Y, Z and W denote four mutually disjoint
subsets of U. We call CWT graphoid to any gra-
phoid that satisfies composition X ⊥ Y|Z ∧ X ⊥
W|Z ⇒ X ⊥ YW|Z, and weak transitivity X ⊥
Y|Z ∧ X ⊥ Y|ZV ⇒ X ⊥ V |Z ∨ V ⊥ Y|Z with
V ∈ U \ (XYZ). We now argue that there exist im-
portant families of probability distributions that are
CWT graphoids and, thus, that WT graphoids are
worth studying. For instance, any probability distri-
bution that is Gaussian or faithful to some UG or DAG
is a CWT graphoid [Pearl, 1988, Studeny´, 2005]. The
theorem below proves that the marginals and condi-
tionals of a probability distribution that is a CWT
graphoid are CWT graphoids, although they may be
neither Gaussian nor faithful to any UG or DAG. We
give an example at the end of this section. We refer
the reader to [Pen˜a et al., 2006a, Pen˜a et al., 2006b,
Pen˜a et al., 2007] for the proofs of the theorems in this
section.
Theorem 1 Let p be a probability distribution that is
a CWT graphoid and let W ⊆ U. Then, p(U \W) is
a CWT graphoid. If p(U \W|W = w) has the same
independencies for all w, then p(U \W|W = w) for
any w is a CWT graphoid.
Hereinafter, we say that a probability distribution p
has context-specific independencies if there exists some
W ⊆ U such that p(U \W|W = w) does not have
the same independencies for all w. We now show that
it is not too restrictive to assume, as in the theorem
above, that a probability distribution is a CWT gra-
phoid that has no context-specific independencies, be-
cause there exist important families of probability dis-
tributions whose all or almost all the members satisfy
such assumptions. For instance, a Gaussian probabi-
lity distribution is a CWT graphoid [Studeny´, 2005],
and has no context-specific independencies because its
independencies are determined by its covariance ma-
trix [Lauritzen, 1996]. The theorems below prove that
this is also the case for almost all the probability dis-
tributions in M(G) where G is an UG or DAG.
Theorem 2 Let G be an UG. M(G) has non-zero
Lebesgue measure wrt Rn, where n is the number of
MN parameters corresponding to G. The probabi-
lity distributions in M(G) that are not faithful to G
or have context-specific independencies have zero Le-
besgue measure wrt Rn.
Theorem 3 Let G be a DAG. M(G) has non-zero
Lebesgue measure wrt Rn, where n is the number
of BN parameters corresponding to G. The probabi-
lity distributions in M(G) that are not faithful to G
or have context-specific independencies have zero Le-
besgue measure wrt Rn.
The theorems above imply that, for any UG or DAG
G, almost all the probability distributions inM(G) are
CWT graphoids [Pearl, 1988], and that all the margi-
nals and conditionals of almost all the probability dis-
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tributions inM(G) are CWT graphoids as well due to
Theorem 1.
Finally, we give an example of a probability distribu-
tion that is a CWT graphoid although it is neither
Gaussian nor faithful to any UG or DAG. Let p be
a multinomial probability distribution that is faithful
to the DAG {X → Y, Y → Z,Z → W,X → V, V →
W,A → B,C → B} and that has no context-specific
independencies. Such a probability distribution exists
due to Theorem 3 and, moreover, it is a CWT graphoid
[Pearl, 1988]. Then, p(X,Y, Z, V,A,B,C|W = w) for
any w is a CWT graphoid by Theorem 1, but it is
neither Gaussian nor faithful to any UG or DAG,
because it is multinomial and faithful to the graph
{X − Y, Y − Z,Z − V, V − X,A → B,C → B}
[Chickering & Meek, 2002, Pen˜a et al., 2006b].
4 READING DEPENDENCIES
In this section, we propose a sound and complete cri-
terion for reading dependencies from a polytree-like
MDI map of a CWT graphoid. If G is a MDI map
of a CWT graphoid p then we know, by construction
of G, that X 6⊥ (Pre(X) \ Pa(X))Y |Pa(X) \ Y for
all X ∈ U and Y ∈ Pa(X). We call these depen-
dencies the dependence base of p for G. Further de-
pendencies in p can be derived from this dependence
base via the CWT graphoid properties. For this pur-
pose, we rephrase the CWT graphoid properties as
follows. Let X, Y, Z and W denote four mutually
disjoint subsets of U. Symmetry Y 6⊥ X|Z ⇒ X 6⊥
Y|Z. Decomposition X 6⊥ Y|Z ⇒ X 6⊥ YW|Z.
Weak union X 6⊥ Y|ZW ⇒ X 6⊥ YW|Z. Contrac-
tion X 6⊥ YW|Z ⇒ X 6⊥ Y|ZW ∨ X 6⊥ W|Z is
problematic for deriving new dependencies because
it contains a disjunction in the right-hand side and,
thus, it should be split into two properties: Contrac-
tion1 X 6⊥ YW|Z ∧ X ⊥ Y|ZW ⇒ X 6⊥ W|Z, and
contraction2 X 6⊥ YW|Z ∧X⊥W|Z ⇒ X 6⊥ Y|ZW.
Likewise, intersection X 6⊥ YW|Z ⇒ X 6⊥ Y|ZW∨
X 6⊥W|ZY gives rise to intersection1 X 6⊥YW|Z∧X
⊥ Y|ZW ⇒ X 6⊥ W|ZY, and intersection2 X 6⊥
YW|Z ∧X⊥W|ZY ⇒ X 6⊥Y|ZW. Note that inter-
section1 and intersection2 are equivalent and, thus, we
refer to them simply as intersection. Likewise, compo-
sition X 6⊥ YW|Z ⇒ X 6⊥ Y|Z ∨X 6⊥W|Z gives rise
to composition1 X 6⊥YW|Z ∧X⊥Y|Z⇒ X 6⊥W|Z,
and composition2X 6⊥YW|Z∧X⊥W|Z⇒ X 6⊥Y|Z.
Since composition1 and composition2 are equivalent,
we refer to them simply as composition. Finally, weak
transitivity X 6⊥ V |Z ∧ V 6⊥ Y|Z ⇒ X 6⊥ Y|Z ∨ X 6⊥
Y|ZV with V ∈ U \ (XYZ) gives rise to weak transi-
tivity1 X 6⊥ V |Z ∧ V 6⊥Y|Z ∧X⊥Y|Z⇒ X 6⊥Y|ZV ,
and weak transitivity2 X 6⊥ V |Z ∧ V 6⊥ Y|Z ∧ X
⊥ Y|ZV ⇒ X 6⊥ Y|Z. The independence in the left-
hand side of any of the properties above holds if the
corresponding sep statement holds in G. This is the
best solution we can hope for because sep is sound
and complete. By definition, sep is sound in the sense
that it only identifies independencies in p. Further-
more, sep is complete in the sense that it identifies all
the independencies in p that can be identified by stu-
dying G alone because (i) there exist multinomial and
Gaussian probability distributions that are faithful to
G [Meek, 1995], and (ii) such probability distributions
are CWT graphoids [Pearl, 1988], G is a MDI map
for them, and they only have the independencies that
sep identifies from G. Moreover, this solution does
not require more information about p than what it is
available, because G can be constructed from the de-
pendence base of p for G. We call the CWT graphoid
closure of the dependence base of p for G to the set of
dependencies that are in the dependence base of p for
G plus those that can be derived from it by applying
the CWT graphoid properties.
We now introduce our criterion for reading dependen-
cies from a polytree-like MDI map G of a CWT gra-
phoid p.
Definition 1 Let X, Y and Z denote three mutually
disjoint subsets of U. We say that dep(X,Y|Z) holds
if there exist some A ∈ X and B ∈ Y such that (i)
sep(A,B|Z) does not hold, and (ii) for every head-
to-head node C in A : B, either Z contains C or Z
contains exactly one descendant of C that is not a des-
cendant of another descendant of C that is in Z.
We now prove that dep is sound, i.e. it only iden-
tifies dependencies in p. Actually, it only identifies
dependencies in the CWT graphoid closure of the de-
pendence base of p for G.
Theorem 4 Let G be a MDI map of a CWT graphoid
p. If G is a polytree then, if dep(X,Y|Z) then X 6⊥
Y|Z is in the CWT graphoid closure of the dependence
base of p for G.
Proof: Let us assume that every head-to-head node
in A : B is in Z. We prove that dep(A,B|Z) implies
A 6⊥ B|Z. We prove it by induction over the length of
A : B.
We first prove the result for length one, i.e. A : B is
A → B or A ← B. Assume without loss of generality
that A : B is A → B. Let ZA denote the nodes in Z
that are in Pa(A) or connected to A by an undirected
path that passes through Pa(A). Let ZA denote the
nodes in Z that are in Ch(A) \ B or connected to A
by an undirected path that passes through Ch(A)\B.
Let ZB denote the nodes in Z that are in Pa(B) \ A
or connected to B by an undirected path that passes
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through Pa(B) \ A. Let ZB denote the nodes in Z
that are in Ch(B) or connected to B by an undirected
path that passes through Ch(B). Note that the nodes
in Z \ (ZAZAZBZB) are not connected to A or B by
any undirected path. Then,
(1) A(Pre(B) \ Pa(B)) 6⊥ B|Pa(B) \ A from the de-
pendence base of p for G
(2) Pre(B) \ Pa(B) ⊥ B|Pa(B) by sep(Pre(B) \
Pa(B), B|Pa(B))
(3) A 6⊥B|Pa(B) \A by contraction1 on (1) and (2)
(4) A 6⊥B(Pa(B) \A)|∅ by weak union on (3)
(5) A⊥ Pa(B) \A|∅ by sep(A,Pa(B) \A|∅)
(6) A 6⊥B|∅ by composition on (4) and (5)
(7) AZAZA 6⊥B|∅ by decomposition on (6)
(8) ZAZA⊥B|A by sep(ZAZA, B|A)
(9) A 6⊥B|ZAZA by intersection on (7) and (8)
(10) A 6⊥BZB |ZAZA by decomposition on (9)
(11) A⊥ ZB |ZAZA by sep(A,ZB |ZAZA)
(12) A 6⊥B|ZAZAZB by contraction2 on (10) and (11)
(13) A 6⊥BZB |ZAZAZB by decomposition on (12)
(14) A⊥ ZB |ZAZAZBB by sep(A,ZB |ZAZAZBB)
(15) A 6⊥ B|ZAZAZBZB by intersection on (13) and
(14)
(16) A 6⊥ BZ \ (ZAZAZBZB)|ZAZAZBZB by decom-
position on (15)
(17) A⊥ Z\ (ZAZAZBZB)|ZAZAZBZB by sep(A,Z\
(ZAZAZBZB)|ZAZAZBZB)
(18) A 6⊥B|Z by contraction2 on (16) and (17).
Assume as induction hypothesis that the result holds
when the length of A : B is smaller than l. We now
prove the result for length l. Let C be any node in
A : B except A and B. If C is not a head-to-head
node in A : B, then
(19) A 6⊥ C|Z by the induction hypothesis
(20) B 6⊥ C|Z by the induction hypothesis
(21) A⊥B|ZC by sep(A,B|ZC)
(22) A 6⊥B|Z by weak transitivity2 on (19-21).
On the other hand, if C is a head-to-head node in
A : B, then C must be in Z due to the assumption
made at the beginning of this proof. Let ZC denote
the nodes in Z that are in Ch(C) or connected to C by
an undirected path that passes through Ch(C). Then,
(23) A 6⊥ C|Z \ (ZCC) by the induction hypothesis
(24) B 6⊥ C|Z \ (ZCC) by the induction hypothesis
(25) A⊥B|Z \ (ZCC) by sep(A,B|Z \ (ZCC))
(26) A 6⊥B|Z \ ZC by weak transitivity1 on (23-25).
(27) A 6⊥BZC |Z \ ZC by decomposition on (26)
(28) A⊥ ZC |Z \ ZC by sep(A,ZC |Z \ ZC)
(29) A 6⊥B|Z by contraction2 on (27) and (28).
Let us now assume that for every head-to-head node
C in A : B, either Z contains C or Z contains exactly
one descendant of C that is not a descendant of ano-
ther descendant of C that is in Z. We prove that
dep(A,B|Z) implies A 6⊥ B|Z. We prove it by induc-
tion over the number of head-to-head nodes in A : B
that are not in Z. As proven above, the result holds
when this number is zero. Assume as induction hypo-
thesis that the result holds when this number is smaller
than l. We now prove the result for l. Let C be any
head-to-head node in A : B that is not in Z. Then,
Z must contain exactly one descendant of C, say D,
that is not a descendant of another descendant of C
that is in Z. Let ZD denote the nodes in Z that are in
Ch(D) or connected to D by an undirected path that
passes through Ch(D). Then,
(30) A 6⊥D|Z \ (ZDD) by the induction hypothesis
(31) B 6⊥D|Z \ (ZDD) by the induction hypothesis
(32) A⊥B|Z \ (ZDD) by sep(A,B|Z \ (ZDD))
(33) A 6⊥B|Z \ ZD by weak transitivity1 on (30-32)
(34) A 6⊥BZD|Z \ ZD by decomposition on (33)
(35) A⊥ ZD|Z \ ZD by sep(A,ZD|Z \ ZD)
(36) A 6⊥B|Z by contraction2 on (34) and (35).
Therefore, we have proven that dep(A,B|Z) implies
A 6⊥ B|Z which, in turn, implies X 6⊥ Y|Z by de-
composition. Since dep(X,Y|Z) implies dep(A,B|Z),
dep(X,Y|Z) implies X 6⊥Y|Z. Moreover, this last de-
pendence must be in the CWT graphoid closure of the
dependence base of p for G, because we have only used
in the proof the dependence base of p for G and the
CWT graphoid properties.
We now prove that dep is complete for reading depen-
dencies from a polytree-like MDI map G of a CWT
graphoid p, in the sense that it identifies all the depen-
dencies in p that follow from the information about p
that is available, namely the dependence base of p for
G and the fact that p is a CWT graphoid.
Theorem 5 Let G be a MDI map of a CWT graphoid
p. If G is a polytree, then if X 6⊥Y|Z is in the CWT
graphoid closure of the dependence base of p for G then
dep(X,Y|Z).
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Proof: It suffices to prove (i) that all the dependen-
cies in the dependence base of p for G are identified by
dep, and (ii) that dep satisfies the CWT graphoid pro-
perties. Since the first point is trivial, we only prove
the second point. Let X, Y, Z and W denote four
mutually disjoint subsets of U.
• Symmetry dep(Y,X|Z) ⇒ dep(X,Y|Z). The
path A : B in the left-hand side also satisfies the
right-hand side.
• Decomposition dep(X,Y|Z) ⇒ dep(X,YW|Z).
The path A : B in the left-hand side also satisfies
the right-hand side.
• Weak union dep(X,Y|ZW) ⇒ dep(X,YW|Z).
The path A : B in the left-hand side also satisfies
the right-hand side unless there exists some head-
to-head node C in A : B such that neither C
nor any of its descendants is in Z (if several such
nodes exist, let C be the closest to A). However,
C or some descendant D of C must be in W for
dep(X,Y|ZW) to hold. Then, A : C or A : D
satisfies the right-hand side.
• Contraction1 dep(X,YW|Z)∧ sep(X,Y|ZW)⇒
dep(X,W|Z). Let C denote the closest node to
A that is in both W and the path A : B in
the left-hand side. Such a node must exist for
sep(X,Y|ZW) to hold. For the same reason, no
node in A : C can be in Y. Then, A : C satisfies
the right-hand side.
• Contraction2 dep(X,YW|Z) ∧ sep(X,W|Z) ⇒
dep(X,Y|ZW). Let C denote the closest node
to A that is in both Y and the path A : B in
the left-hand side. Such a node must exist for
sep(X,W|Z) to hold. For the same reason, no
node in A : C can be in W. Then, A : C satisfies
the right-hand side.
• Intersection dep(X,YW|Z) ∧ sep(X,Y|ZW) ⇒
dep(X,W|ZY). Consider the same reasoning as
in contraction1.
• Composition dep(X,YW|Z) ∧ sep(X,W|Z) ⇒
dep(X,Y|Z). Consider the same reasoning as in
contraction2.
• Weak transitivity1 dep(X, V |Z) ∧ dep(V,Y|Z) ∧
sep(X,Y|Z) ⇒ dep(X,Y|ZV ) with V ∈ U \
(XYZ). Let A : V and V : B denote the paths in
the first and second, respectively, dep statements
in the left-hand side. For sep(X,Y|Z) to hold,
V must be a head-to-head node in A : B or the
descendant of a head-to-head node in A : B that
neither is in Z nor has any descendant in Z. Then,
A : B satisfies the right-hand side.
• Weak transitivity2 dep(X, V |Z) ∧ dep(V,Y|Z) ∧
sep(X,Y|ZV ) ⇒ dep(X,Y|Z) with V ∈ U \
(XYZ). Let A : V and V : B denote the paths in
the first and second, respectively, dep statements
in the left-hand side. Note that V must be a non-
head-to-head node in A : B for sep(X,Y|ZV ) to
hold. Then, A : B satisfies the right-hand side.
Finally, the soundness of dep allows us to prove the
following theorem.
Theorem 6 Let G be a MDI map of a CWT graphoid
p. If G is a directed tree, then p is faithful to it.
Proof: Any independence in p for which the cor-
responding separation statement does not hold in G
contradicts Theorem 4.
The theorem above has been proven by
[Becker et al., 2000] for the case where G is a tree-like
MUI map and p is either a Gaussian probability
distribution or a multinomial probability distribution
over binary random variables. In [Pen˜a et al., 2006a],
we have proven the theorem above for the case where
G is a tree-like MUI map and p is a graphoid that
satisfies weak transitivity.
5 DISCUSSION
We have presented a sound and complete graphical
criterion for reading dependencies from a polytree-
like MDI map G of a CWT graphoid. We have
shown that there exist important families of proba-
bility distributions, among them Gaussian probabi-
lity distributions, that are CWT graphoids. We think
that this work complements previous works addres-
sing the same question, e.g. [Bouckaert, 1995] which
proposes sound and complete graphical criteria for
reading dependencies from a MUI or MDI map of a
graphoid, and [Pen˜a et al., 2006a, Pen˜a et al., 2006b,
Pen˜a et al., 2007] which propose a sound and complete
graphical criterion for reading dependencies from the
MUI map of graphoid that satisfies weak transitivity.
See also [Pen˜a et al., 2007] for a real-world application
of the graphical criterion developed in that paper to
read biologically meaningful gene dependencies.
Our end-goal is to apply the results in this paper
to our project on atherosclerosis gene expression
data analysis in order to learn dependencies between
genes. We believe that it is not unrealistic to assume
that the probability distribution underlying our data
is a CWT graphoid. We base this belief on the
following argument. The cell is the functional unit
of all the organisms and includes all the information
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necessary to regulate its function. This information
is encoded in the DNA of the cell, which is divided
into a set of genes, each coding for one or more
proteins. Proteins are required for practically all
the functions in the cell. The amount of protein
produced depends on the expression level of the
coding gene which, in turn, depends on the amount
of proteins produced by other genes. Therefore, a
dynamic BN or Gaussian network (GN) seems to be
a relatively accurate model of the cell: The nodes
represent the genes and proteins, and the edges and
parameters represent the causal relations between
the gene expression levels and the protein amounts.
As a matter of fact, dynamic BNs and GNs have
become very popular models of gene networks for
the last few years [Bernard & Hartemink, 2005,
Friedman et al., 1998, Husmeier, 2003,
Kim et al., 2003, Murphy & Mian, 1999,
Ong et al., 2002, Perrin et al., 2003,
Zou & Conzen, 2005]. It is important that the
BN or GN is dynamic because a gene can regulate
some of its regulators and even itself with some
time delay. Since the technology for measuring the
state of the protein nodes is not widely available
yet, the data in most projects on gene expression
data analysis is a finite sample of the probability
distribution represented by the dynamic BN or GN
after marginalizing the protein nodes out. The
probability distribution with no node marginalized
out is almost surely faithful to the dynamic BN or
GN [Meek, 1995] and, thus, it satisfies composition
and weak transitivity (see Section 3) and, thus, so
does the probability distribution after marginalizing
the protein nodes out (see Theorem 1).
Other graphical models that have received
increasing attention from the bioinforma-
tics community as a means to gain insight
into gene networks are the so-called graphi-
cal Gaussian models [Castelo & Roverato, 2006,
Dobra et al., 2004, Kishino & Waddell, 2000,
Li & Gui, 2006, Scha¨fer & Strimmer, 2005a,
Scha¨fer & Strimmer, 2005b, Toh & Horimoto, 2002,
Waddell & Kishino, 2000, Wang et al., 2003,
Wu et al., 2003]. A graphical Gaussian model is
nothing else but the MUI map of the probability
distribution underlying the gene network under the
assumption that this is Gaussian and, thus, a CWT
graphoid. This again supports our belief that the
theory developed in this paper may be relevant within
bioinformatics.
Acknowledgements
This work is funded by the Swedish Research Council
(ref. VR-621-2005-4202). We thank the three anony-
mous referees for their comments.
References
[Becker et al., 2000] Ann Becker, Dan Geiger and
Christopher Meek. Perfect Tree-Like Markovian
Distributions. In Proceedings on the Sixteenth
Conference on Uncertainty in Artificial Intelligence,
pages 19-23, 2000.
[Bernard & Hartemink, 2005] Allister Bernard and
Alexander J. Hartemink. Informative Structure
Priors: Joint Learning of Dynamic Regulatory Net-
works from Multiple Types of Data. In Pacific Sym-
posium on Biocomputing 2005, pages 459-470, 2005.
[Bouckaert, 1995] Remco R. Bouckaert. Bayesian Be-
lief Networks: From Construction to Inference. PhD
Thesis, University of Utrecht, 1995.
[Castelo & Roverato, 2006] Robert Castelo and Al-
berto Roverato. A Robust Procedure for Gaussian
Graphical Model Search from Microarray Data with
p Larger than n. Journal of Machine Learning Re-
search, 7:2621-2650, 2006.
[Chickering & Meek, 2002] David M. Chickering and
Christopher Meek. Finding Optimal Bayesian Net-
works. In Proceedings of the Eighteenth Conference
on Uncertainty in Artificial Intelligence, pages 94-
102, 2002.
[Dobra et al., 2004] Adrian Dobra, Chris Hans, Bea-
trix Jones, Joseph R. Nevins, Guang Yao and Mike
West. Sparse Graphical Models for Exploring Gene
Expression Data. Journal of Multivariate Analysis,
90:196-212, 2004.
[Friedman et al., 1998] Nir Friedman, Kevin Murphy
and Stuart Russell. Learning the Structure of Dy-
namic Probabilistic Networks. In Proceedings of the
Fourteenth Conference on Uncertainty in Artificial
Intelligence, pages 139-147, 1998.
[Husmeier, 2003] Dirk Husmeier. Sensitivity and Spe-
cificity of Inferring Genetic Regulatory Interactions
from Microarray Experiments with Dynamic Baye-
sian Networks. Bioinformatics, 19:2271-2282, 2003.
[Kim et al., 2003] Sun Yong Kim, Seiya Imoto and
Satoru Miyano. Dynamic Bayesian Network and
Nonparametric Regression for Nonlinear Modeling
of Gene Networks from Time Series Gene Expres-
sion Data. In Proceedings of the First Internatio-
nal Workshop on Computational Methods in Sys-
tems Biology, pages 104-113, 2003.
PEÑA308
[Kishino & Waddell, 2000] Hirohisa Kishino and Pe-
ter J. Waddell. Correspondence Analysis of Genes
and Tissue Types and Finding Genetic Links from
Microarray Data. Genome Informatics, 11:83-95,
2000.
[Lauritzen, 1996] Steffen L. Lauritzen. Graphical Mo-
dels. Oxford University Press, 1996.
[Li & Gui, 2006] Hongzhe Li and Jiang Gui. Gra-
dient Directed Regularization for Sparse Gaussian
Concentration Graphs, with Applications to Infe-
rence of Genetic Networks. Biostatistics, 7:302-317,
2006.
[Meek, 1995] Christopher Meek. Strong Completeness
and Faithfulness in Bayesian Networks. In Procee-
dings of the Eleventh Conference on Uncertainty in
Artificial Intelligence, pages 411-418, 1995.
[Murphy & Mian, 1999] Kevin Murphy and Saira
Mian. Modelling Gene Expression Data Using Dy-
namic Bayesian Networks. Technical Report, Uni-
versity of California, 1999.
[Ong et al., 2002] Irene M. Ong, Jeremy D. Glasner
and David Page. Modelling Regulatory Pathways in
E. Coli from Time Series Expression Profiles. Bio-
informatics, 18:S241-S248, 2002.
[Pearl, 1988] Judea Pearl. Probabilistic Reasoning in
Intelligent Systems: Networks of Plausible Infe-
rence. Morgan Kaufmann, 1988.
[Pen˜a et al., 2006a] Jose M. Pen˜a, Roland Nilsson, Jo-
han Bjo¨rkegren and Jesper Tegne´r. Reading Depen-
dencies from the Minimal Undirected Independence
Map of a Graphoid that Satisfies Weak Transiti-
vity. In Proceedings of the Third European Work-
shop on Probabilistic Graphical Models, pages 247-
254, 2006a.
[Pen˜a et al., 2006b] Jose M. Pen˜a, Roland Nilsson, Jo-
han Bjo¨rkegren and Jesper Tegne´r. Identifying the
Relevant Nodes Without Learning the Model. In
Proceedings of the Twentysecond Conference on Un-
certainy in Artificial Intelligence, pages 367-374,
2006b.
[Pen˜a et al., 2007] Jose M. Pen˜a, Roland Nilsson, Jo-
han Bjo¨rkegren and Jesper Tegne´r. An Algorithm
for Reading Dependencies from the Minimal Undi-
rected Independence Map of a Graphoid that Sa-
tisfies Weak Transitivity. Submitted. Available at
http://www.ifm.liu.se/∼jmp/pena06a.pdf.
[Perrin et al., 2003] Bruno-Edouard Perrin, Liva Ra-
laivola, Aure´lien Mazurie, Samuele Bottani, Jacques
Mallet and Florence d’Alche´-Buc. Gene Networks
Inference Using Dynamic Bayesian Networks. Bio-
informatics, 19:ii138-ii148, 2003.
[Scha¨fer & Strimmer, 2005a] Juliane Scha¨fer and Kor-
binian Strimmer. Learning Large-Scale Graphical
Gaussian Models from Genomic Data. In Science
of Complex Networks: From Biology to the Internet
and WWW, 2005a.
[Scha¨fer & Strimmer, 2005b] Juliane Scha¨fer and
Korbinian Strimmer. An Empirical Bayes Ap-
proach to Inferring Large-Scale Gene Association
Networks. Bioinformatics, 21:754-764, 2005b.
[Scha¨fer & Strimmer, 2005c] Juliane Scha¨fer and Kor-
binian Strimmer. A Shrinkage Approach to Large-
Scale Covariance Matrix Estimation and Implica-
tions for Functional Genomics. Statistical Applica-
tions in Genetics and Molecular Biology, 4, 2005c.
[Studeny´, 2005] Milan Studeny´. Probabilistic Condi-
tional Independence Structures. Springer, 2005.
[Toh & Horimoto, 2002] Hiroyuki Toh and Katsuhisa
Horimoto. Inference of a Genetic Network by a Com-
bined Approach of Cluster Analysis and Graphi-
cal Gaussian Modeling. Bioinformatics, 18:287-297,
2002.
[Waddell & Kishino, 2000] Peter J. Waddell and Hi-
rohisa Kishino. Cluster Inference Methods and Gra-
phical Models Evaluated on NCI60 Microarray Gene
Expression Data. Genome Informatics, 11:129-140,
2000.
[Wang et al., 2003] Junbai Wang, Ola Myklebost and
Eivind Hovig. MGraph: Graphical Models for Mi-
croarray Analysis. Bioinformatics, 19:2210-2211,
2003.
[Wu et al., 2003] Xintao Wu, Yong Ye and Kalpathi
R. Subramanian. Interactive Analysis of Gene In-
teractions Using Graphical Gaussian Model. In Pro-
ceedings of the Third ACM SIGKDD Workshop on
Data Mining in Bioinformatics, pages 63-69, 2003.
[Zou & Conzen, 2005] Min Zou and Suzanne D.
Conzen. A New Dynamic Bayesian Network (DBN)
Approach for Identifying Gene Regulatory Networks
from Time Course Microarray Data. Bioinformatics,
21:71-79, 2005.
PEÑA 309
